Tropical cyclones generated in the North Atlantic and the Eastern Pacific are a constant hazard for Mexico. Along with a possible increased hazard of tropical cyclones due to global warming, there is an inescapable increase in vulnerability and disaster risk towards tropical cyclones due to population growth and coastal infrastructure developments. In Mexico, the Yucatan Peninsula has the highest landfall rates of major category hurricanes in addition to the highest rate of population growth in major tourist cities. Therefore, the assessment of landfalling tropical cyclones is of paramount importance for emergency management and planning. This paper provides an assessment of the future climate for landfalling tropical cyclones in the Yucatan Peninsula, based on synthetic tropical cyclones driven by atmospheric models (reanalysis and six different general circulation models (GCMs)) and under the Representative Concentration Pathway 8.5 climate change scenario. The results using the ensemble mean from the GCMs show that the Yucatan Peninsula will be more susceptible to more frequent intense hurricanes and more regular events undergoing rapid intensification. We conclude that even under the uncertainty imposed by the results, it is more likely than not that the future climate will bring more extreme events to this area. Therefore, it becomes imperative to implement strategic planning based on the characterization of tropical cyclone hazards framed within the assessment of global warming effects.
Introduction
Tropical cyclones (TC) are hydro-meteorological events with severe economic and human negative impacts in tropical regions. Following Oliver-Smith (1999) and Blaikie et al. (1994) , enhances the probability of damages in coastal areas, hence the relevance of studying the effects of global warming over the climatology of TC and particularly hurricanes for the Yucatan Peninsula.
There are several methodologies to study the effect of global warming over the climatology of TC, which have been described by Emanuel (2013) . These methods include direct simulations, genesis indices, and dynamical downscaling. The direct simulations, i.e., reanalyses and global circulation models (GCMs), have the drawback of underestimating the maximum winds for TC (Emanuel 2010; Hill and Lackmann 2011; Appendini et al. 2013) , as well as their frequency, which is usually lower in historical simulations when compared with observations (Camargo 2013). The genesis indices are based on the atmospheric and ocean conditions in the models to estimate the potential of tropical cyclone formation but do not provide information on the intensity changes (Emanuel 2013) . Finally, the dynamical downscaling allows for a better resolution of the TC wind speeds, providing more accurate wind intensity information. The downscaling technique developed by Emanuel et al. (2006 Emanuel et al. ( , 2008 allows for the robust representation of TC in the present and future climates by using synthetic TC generated based on their physics. For the present climate, this technique allows for a more accurate characterization in specific locations than using the relatively short historical record (Emanuel et al. 2006; Emanuel and Jagger 2010) , as well as to identify unobserved extreme events that are physically plausible (Lin and Emanuel 2016) . When considering the past or future climates, this technique also allows characterizing the tropical cyclone climatology, as shown by Kozar et al. (2013) for the past climate, and Emanuel et al. (2008) and Emanuel (2013) for the future climate based on global warming scenarios.
Considering the TC that have struck Mexico between 1970 and 2010, there have been 171 events, 51 of which correspond to the Gulf of Mexico and the Caribbean Sea, while 23 have made landfall over the Yucatan Peninsula (Farfán et al. 2014) . The small number of historical events is not enough to perform a robust statistical description of the TC climate in Yucatan, or in that case, Mexico. As such, the study of TC over Yucatan benefits from the use of synthetic events derived from the downscaling method proposed by Emanuel et al. (2006 Emanuel et al. ( , 2008 , which allows for a more robust statistical analysis. Such methodology also allows for the assessment of the future tropical cyclone climate under global warming. Hence, this study presents an evaluation of the global warming effect over the climatology of TC over the Yucatan Peninsula at the end of the century based on synthetic events.
Method and data
To assess the effect of global warming on the TC climate over the Yucatan Peninsula, we used synthetic TC derived using the methodology from Emanuel et al. (2008) and Emanuel (2013 Emanuel ( , 2015 , and validated using the Hurricane Database (HURDAT) dataset (Landsea and Franklin 2013) consisting of six hourly information on location, maximum winds, and central pressure of TC. While we used the synthetic events for the assessment of global warming on TC, the HURDAT data allowed to assess the accuracy of the synthetic events to represent the historical period based on the goodness of fit between both datasets.
The synthetic events were derived using the technique from Emanuel et al. (2006 Emanuel et al. ( , 2008 and Emanuel (2013) using six different GCMs from the Coupled Model Intercomparison Project Phase 5 (CMIP5) to assess both the present and future tropical cyclone climatology for the Yucatan Peninsula. The generation of synthetic events starts with the random seeding of warm-core vortices, or proto-storms, with peak wind speeds of 12 m/s. These proto-storms may decay or develop into TC (by reaching an intensity of at least 21 m/s) depending on the large-scale oceanic and atmospheric environmental conditions. The events are steered by a beta-advection model (Marks 1992) and intensified based on the Emanuel et al. (2004) model, using synthetic wind time series at 250 hPa and 850 hPa, represented as Fourier series of random phase constrained to have the monthly means, variances, and covariance calculated using daily data from the National Center for Environmental Prediction (NCEP)/National Center for Atmospheric Research (NCAR) reanalysis (Kalnay et.al 1996) , referred hereafter as NCEP, or from the GCMs, and having a geostrophic turbulence power law distribution of kinetic energy (Emanuel et al. 2008) . The present climate determined by the synthetic events derived from different GCMs is used to evaluate the accuracy of each set of events to reproduce the present climate, as determined by the climatology derived using the synthetic events generated using the NCEP reanalysis. In this case, we determine the present climate based on the climatology between 1975 and 2005.
For the future climate, we used the events derived using the GCMs under the RCP 8.5 (Moss et.al 2010) from the Intergovernmental Panel on Climate Change. We only considered the RCP 8.5 scenario since greenhouse gases during the past years already follow the RCP 8.5 projections (Fuss et.al 2014) . The synthetic events used to assess the future TC climate were derived using the following GCMs: (1) National Oceanic and Atmospheric Administration/ Geophysical Fluid Dynamics Laboratory (NOAA/GFDL) Climate Model 3 (CM3) (Griffies et.al 2011) , referred herein as GFDL; (2) UK Met Office Hadley Global Environmental Model 2 -Earth System (HADGEM2-ES) (Jones et.al 2011) , referred to as HADGEM; (3) Institut Pierre Simon Laplace CM5A-LR (Dufresne et.al 2013) , referred to as IPSL; (4) Center for Climate System Research/National Institute for Environmental Studies/Japan Agency for Marine-Earth Science and Technology Model for Interdisciplinary Research on Climate 5 (MIROC5) (Watanabe et.al 2010) , referred to as MIROC; (5) Max Plank Institute MPI-ESM-MR (Giorgetta et.al 2013) , referred to as MPI; and (6) National Center for Atmospheric Research Community Climate System Model Version 4 (Gent et.al 2011) , referred to as CCSM.
When producing the synthetic event datasets, the number of events to be generated is prespecified; in this case, that number was 100 events per year, yielding 3100 for each climatological period for present climate and 2070-2100 for future climate). As such, the 3100 events represent the 31 years. Nevertheless, the downscaling technique uses a calibration constant for the seeding rate, so that the mean yearly frequency of the events in the climatological period is set to observations (Emanuel et al. 2008; Emanuel 2013) . This allows the genesis rates to vary spatially and each year, depending on the ambient conditions. Once the seeding rate has been calibrated, the same rate is applied to future simulations, so that the changes in frequency are a result of the changes on the ambient conditions due to global warming (Emanuel et al. 2008 ). This allows determining the effect of climate change on the frequency of events, although the number of events is maintained. For more information on the synthetic events, the readers are referred to Emanuel et al. (2006 Emanuel et al. ( , 2008 and Emanuel (2013 Emanuel ( , 2015 .
The assessment in this study is limited to TC generated in the North Atlantic basin (NATL), and those events entering a 300-km radius centered on 89°W longitude and 20°N latitude are considered landfalling events, some of which may not go over land but would still be able to create damaging surges at coastal areas. We did not consider the events generated in the Northeastern Pacific as HURDAT only reports two events, which entered the Yucatan Peninsula as tropical depressions (unnamed storms of 1949 and 1965) . The present climate events correspond to the period between 1975 and 2005 while the future climate events to the period between 2070 and 2100. Table S1 (S in table and figure numbering denotes electronic  supplementary material) shows the number of events used from each database, while Tables S2  and S3 show the yearly frequency of events by decades for the NATL and landfalling events over the Yucatan Peninsula. As shown in Table S1 , a number of historical events (HURDAT) between 1975 and 2005 are too few to provide robust statistics, in particular for the Yucatan Peninsula, thus highlighting the necessity of using synthetic events.
The assessment provided is focused only on wind speed and rapid intensification, which refers to a 1-minute average maximum sustained surface wind speed increase of 30 kt over a 24-h period (Kaplan and DeMaria 2003) . We acknowledge that rainfall flooding is a critical issue in Mexico; however, it is not relevant in the Yucatan Peninsula due to its karstic properties and flat landscape. While storm surge and ocean waves are also relevant hazards associated with TC, wind speed provides an indirect measure of those hazards, despite also being dependent on storm size and translation speed (Appendini et al. 2014) . While wind speed provides an indirect measure of storm surge and waves, rapid intensification is an important variable denoting the severity of TC as the vast majority of major storms undergo this process (Lee et al. 2016) . Also, rapid intensification processes are a challenge to provide accurate intensity forecasts, and a higher occurrence of this process may increase the risk in coastal areas (Emanuel 2017; Bhatia et al. 2019) . While sea level rise would also increase the risk of damage by TC in coastal areas, it is beyond the scope of this study and was not considered.
Tropical cyclones downscaling results
As stated above, the synthetic events are derived based on the physics of TC; nevertheless, it is worthy to assess their reproduction of the climatology for historical events. Due to the short record of historical events, it is difficult to assess the accuracy of synthetic events to reproduce historical events at a particular location. However, the synthetic events derived from the NCEP reanalysis should provide similar statistics as derived from historical events at a larger scale, i.e., basin wide. As such, we first fitted an exponential curve to the HURDAT wind speed data, obtaining a very good fit (R-square of 0.987 and root mean square error of 0.0029 m/s), and then evaluated the goodness of fit of the NCEP-derived event wind speed. Figure 1 a shows the goodness of fit based on the relative frequency (i.e., the number of events on each bin interval divided by the total number of events), while Fig. 1b shows the residual (i.e., the difference between models). The NCEP-derived events provide a very good fit to HURDAT, with a sum of squares due to error of 0.1386 m/s, and root mean square error of 0.0669 m/s. Nevertheless, this goodness of fit was not obtained when also considering tropical storms, which were excluded in the analysis as hurricane category events are the main focus in this study due to their destructive power and their expected intensification due to climate change, as described in the introduction.
To assess the accuracy of GCM-derived events to reproduce the present climatology of TC, we contrasted the GCM-derived events to those derived from HURDAT and also from NCEP, following a similar procedure. For the assessment of the GCMs with NCEP, we fitted the wind speeds of the NCEP-derived events to an exponential curve, obtaining a very good fit (Rsquare of 0.9813 and root mean square error of 0.004 m/s), and then evaluated the goodness of fit of the wind speed from GCM-derived events to the exponential curve. Figure S1 shows the goodness of fit for each GCM-derived events, while Table 1 shows the obtained error measures. While the results indicate a better fit of the CCSM model, there is an overall good representation of the hurricane wind speed climatology from the GCM-derived events when compared both with the HURDAT data and the NCEP-derived events. Please note that the analysis only includes hurricane category events, as discussed above. The results show that the NCEP-derived synthetic events can reproduce the HURDAT events, while the GCM-derived events reproduce both the HURDAT and the NCEP-derived events. Thus, synthetic events are enabled to characterize the TC climatology, which is more relevant when assessing specific locations where historical events may not provide robust statistics, such as the Yucatan peninsula. We then proceeded to the assessment of global warming on TC based on the GCM-derived events.
To assess the effect of climate change on hurricanes affecting the Yucatan Peninsula, we considered the hazard definition by Lee et al. (2018) , where a hazard is considered as the probability (or equivalent return period) of the storm intensity at landfall exceeding a certain threshold in a particular location. In our case, we also included the analysis of rapid Fig. 1 Goodness of fit analysis for NCEP-derived events to fitted exponential curve for HURDAT events intensification since such process complicates intensity forecasts of TC and the events undergoing these processes can jeopardize emergency preparedness. We calculated the return period curves for wind intensity and rapid intensification based on the historical data (HURDAT), reanalysis-derived events, and GCM-derived events for the present and future climates. The return period is obtained as the inverse of the probability, defined as P = 1 − exp(−fr(X > x)), where fr(X > x) is the frequency (as obtained when generating the synthetic events using the calibration constant) for wind speeds in excess of certain intensity threshold x.
For the GCM-derived events, we obtained the return period curves independently for each GCM dataset and then calculated the multi-model mean. The return period envelope curve for the GCM-derived events was defined by the upper and lower bounds based on one standard deviation (in frequency), allowing to assess the uncertainty involved in the estimations by using the ensemble mean plus/minus one standard deviation. As mentioned in the introduction, most methods to assess future changes in TC do not find an increase in frequency. Thus, a caveat for this method is that the values for the different return periods may change if the frequency of TC is inaccurate for the future climate. Figure 2 a shows the return period curves for wind speed considering all the events in the NATL, while Fig. 2b shows the same for landfalling events in the Yucatan Peninsula. In both cases, the results show that the multi-model mean for the present climate has a similar distribution to the reanalysis-derived events and the HURDAT data, indicating an accurate representation of the TC climatology by the synthetic events. When comparing the multimodel mean for the present and future climates, there is a clear tendency for higher intensity events to become more frequent (showing lower return periods) under a warming climate. Such tendency is more certain for all the events as the uncertainty for the future climate partially overlaps the uncertainty of the present climate ( Fig. 2a) , while for landfalling events the future climate uncertainty completely covers the present climate uncertainty (Fig. 2b) . Nevertheless, the multi-model mean for landfalling events in the present and future climates still shows that global warming could make intense events more frequent by the end of the century, particularly the most intense.
Based on the multimodal mean, we can consider more likely that the future climate may bring more frequent intense events, and thus, it is relevant to assess if more events will undergo rapid intensification. To assess this possibility, we calculated the probability density function Fig. 2 Return period curves of wind speed for events in the North Atlantic basin (a) and affecting the Yucatan peninsula (b). For the future and present climate, the dots correspond to the multi-model mean and the shading to the upper and lower bounds based on one standard deviation (in frequency) (PDF) of the lifetime maximum intensity (LMI) differentiating between those events undergoing and not undergoing rapid intensification (Fig. 3) . Considering all the events in the NATL, we found that the PDF of the events that do not undergo rapid intensification maintain a similar distribution in the present and future climates, while the events undergoing rapid intensification show a slight shift towards more intense LMI (Fig. 3a) . For the case of landfalling events (Fig. 3b) , the same applies for those events not undergoing rapid intensification, while for the rapid intensifying events the shift towards more intense LMI is not clear. When analyzing the PDF for each GCM-derived events showing rapid intensification in the present and future climates, it is seen that there is a clear shift to higher LMI for HADGEMand MIROC-derived events, and a small shift for the MIROC-and MPI-derived events, while the CCSM-derived events show a slight decrease in LMI, and IPSL-derived events only present one event with rapid intensification (Figure S2 ). While the increase in TC intensity and LMI is supported by potential intensity theory (Emanuel 2000) , there is no theory for rapid intensification (RI), making it harder to know if there will be more RI events in the future climate. As such, and given the uncertainty on the results, we cannot confirm that the future climate will result in higher LMI for landfalling events undergoing rapid intensification. Nevertheless, when looking at the histogram of intensification rates, there is an increase in the proportion of rapidly intensifying events in the future climate for both the NATL and landfalling events ( Figure S3 and Figure S4 respectively), except for the landfalling IPSLderived events. This increase in rapidly intensifying events represents important challenges for emergency preparedness.
If we consider the return period curves for rapid intensification for all the events in the NATL (Fig. 4a ) and the landfalling events (Fig. 4b) , we get similar results as for the wind speed return periods (Fig. 2) . Nevertheless, the landfalling events do show slightly less uncertainty for the rapid intensification events (Fig. 4b ) than for the wind speed (Fig. 2b) . In any case, the multi-model mean for both NATL and landfalling events in the present and future climates shows that global warming could make more rapidly intensifying events more frequent by the end of the century.
The above results show that under the RCP 8.5 scenario for global warming, there is large uncertainty to assert that the Yucatan Peninsula will experience more frequent intense events, as well as more frequent rapid intensifications. Nevertheless, there is a clear trend when considering the ensemble mean from the GCMs, allowing to state that the Yucatan Peninsula will most likely experience more frequent intense and rapidly intensifying events by the end of the century. While more intense events translate to increased hazard by the end of the century, more frequent rapidly intensifying events will complicate emergency preparedness and response. Such results indicate that there are important risk management implications which need to be addressed by appropriate public policy.
Public policy implications
Under the scope of large uncertainty, that is, independently of the future trend in TC, population and infrastructure building are still expected to continue growing along the coast of Yucatan Peninsula, thus increasing the exposure and disaster risk. If we consider the Sendai Framework 2015-2030 (UNIDSR 2015), which emphasizes the need for societies to increase the scope of disaster management (early alert systems, hurricane preparedness, rapid response post-storm) by starting with the reduction of risk exposure, the government should take steps to prevent communities, people, and infrastructure to settle in disaster-prone areas, and if so, they should have proper and cost-effective protection.
The Mexican Government Civil Protection Law (LGPC 2014) and the Human Settlements General Law (LGAHOTDU 2016) are aligned with the Sendai Framework as they emphasize the importance of prevention and building resilient communities, sharing the responsibility with the State. Nevertheless, the situation in the Mexican Caribbean is dire as the construction of hotels continues in exposed coastal areas all along the coast of Riviera Maya and Costa Maya, together with a diminishing of protection capabilities by mangroves and dunes as tourism infrastructure is built in these areas (Montgomery et al. 2019; Secaira and Acevedo 2017) . Another hindrance to the building of more resilient communities is reef degradation, wherein the Caribbean the rugosity of the reef crest has diminished from 2.5 to 1.2 in the Caribbean area (Alvarez-Filip et al. 2009 ) and height has diminished between 50 and 80 cm, which is expected to continue, and thus impacting on the exposure of the coastal assets (Reguero et.al 2019; Osorio-Cano et.al 2019) .
The Climate Change General Law (LGCC 2012) is considered within the National Strategy for Climate Change in Mexico (ENCC 2013) as a tool to cope with climate change. Within the Fig. 4 Return period curves of intensification rates for events in the North Atlantic basin (a) and affecting the Yucatan peninsula (b). For the future and present climate, the dots correspond to the multi-model mean and the shading to the upper and lower bounds based on one standard deviation (in frequency)
LGCC (2012), it is required for the Federation, states, and municipalities to develop and publish risk atlases that consider hazards through exposure to natural or anthropogenic disasters (with climate change criteria) and social vulnerability (e.g., inequality levels, local public policy). The risk atlases are required as the primary instruments for urban development, construction regulations, and land use at municipal and state levels. Despite this requirement, Quintana Roo, one of the most affected states by TC in Mexico, has no state risk atlas, and within its 10 municipalities, three have no atlas and the rest were updated before the LGCC (2012), with the exception of Solidaridad (SEDATU 2016) and Tulum (SEDATU 2015) . Hence, local TC policies in the scope of climate change context are incipient.
Another most recent relevant policy regarding climate change is the Municipal Plan for Climate Action (PACMUN) , which is only available in two municipalities of Quintana Roo: Bacalar (PACMUN 2013) and Benito Juárez (PACMUN 2016). While Quintana Roo does have a State Action Program on Climate Change (PEACCQR 2013), derived from the National Strategy (ENCC 2013), it gives utmost importance to reducing greenhouse gas emissions and focuses less on a strategy for resilient-design urban infrastructure and natural barrier protection towards TC adaptability, suggesting the need for a particular program in this matter.
While Mexico does contemplate climate change mitigation and risk disaster mitigation by prevention and resilience building, in practice, the regulations are not enforced, and thus, exposure to risk continues to grow. Considering the findings of this study showing it is more likely to expect more intense TC in the Yucatan Peninsula as a result of global warming, the risk is expected to augment not only due to increased human exposure but to increased hazards from TC. Under such a scenario of increased TC hazard, a landfalling event like Wilma (occurring in 2005) will become more frequent, so that an event making landfall with 150 kt winds, which under the present climate ensemble mean has a return period of 100 years, it will have a 10-year return period in the future climate (Fig. 2b ). If we then consider structural design for a structure planned with a design life of 30 years using the present climate (100-year return period), but functioning under future climate conditions (10-year return period), the event probability of occurrence rises from 26 to 96% (CIRIAN 2007), incrementing the probabilities of failure. As such, risk reduction and management should deter the construction of more assets in risk-prone areas and preserve and restore the natural protection provided by mangroves, dunes, and coral reefs. The Mexico National Defined Contribution (UNFCCC 2015) emphasizes the role of ecosystem-based adaptation, focusing on reducing risk to strategic infrastructure in coastal areas, using natural systems (such as reef, dunes, and mangroves), and preserving coastal wetlands and other ecosystems, proving the framework to develop and implement risk reduction policies. Nevertheless, the current trends are not aligned with such policies.
Conclusions
In this study, we presented an assessment of the effect of global warming on the incidence of TC over the Yucatan Peninsula. We based the study on synthetic TC derived from different global circulation models using the downscaling technique from Emanuel et al. (2006 Emanuel et al. ( , 2008 and Emanuel (2013 Emanuel ( , 2015 . Using the multi-model ensembles for wind speed and rapid intensification return periods, the results show that the future climate would result in more frequent intense events and more frequent rapidly intensifying events, as a result of global warming. While the results show a large uncertainty when considering one standard deviation from the multimodal mean, the increased exposure in the area due to population and infrastructure growth suggests that independently of the results, policies should be implemented to reduce exposure and build resilience. A caveat to this study is that the downscaling approach used in this study finds an increase in global frequency of TC, particularly for the North Pacific, North Atlantic, and the South Indian Ocean (Emanuel 2013) , while other studies do not find such an increase in frequency.
An analysis of the public policy and federal and state legislation showed that although there is the legal framework to promote development strategies considering climate change scenarios, few of the municipalities with coast in the Mexican Caribbean comply with the regulations. The absence of risk atlases considering tropical cyclones and the effect of climate change hinders a development seeking hazards reduction. As such, it is of utmost importance that local governments, developers, and communities abide and implement existing regulation. For this, it is necessary to do an awareness campaign, both to the public and private sectors, about the risks that the current development trend in the Mexican Caribbean imposes. The finding of this study must be part of such an awareness campaign, as the current development in the Yucatan Peninsula will create more vulnerable societies as the consequences of climate change become a reality. It is also crucial to implement public policies and legislation reducing risk, to create more resilient societies in the Yucatan Peninsula.
